preciate the prognostic significance of elevated ADMA levels. At present, one cannot advocate this molecule for risk assessment or individual patient prognosis in the clinical work-up of patients with renal impairment.
on substrate and product specificity PRMTs are divided into enzymes with type I or type II activity. Both types form monomethyl L -arginine ( L -NMMA), but differ in that type I enzymes produce ADMA whereas type II enzymes generate symmetrical dimethylarginine (SDMA). Monomethylation seems to be an intermediate step in type I or type II PRMT reactions. Upon proteolysis, methylarginines are released into the circulation where ADMA competes with L -arginine for NOS ( fig. 1 ). Initially, it was believed that methylarginines are cleared from the circulation by renal excretion and do not undergo metabolism.
This was supported by the notion that these molecules accumulate in patients with renal failure [1] . However, McDermott [4] noted that the urinary recovery of methylarginines following intravenous injection in rabbits was 0.14% for L -NMMA, 5.1% for ADMA and 66% for SDMA, indicating that especially L -NMMA and ADMA must undergo extensive metabolism. Later, Ogawa et al. [5] identified and purified an enzyme termed dimethylarginine dimethylaminohydrolase (DDAH) that catalyzes the hydrolysis of L -NMMA and ADMA into L -citrulline and mono-or dimethylamine ( fig. 1 ). In 1999 a second isoform with distinct tissue distribution was identified by Leiper et al. [6] . It was estimated that the daily generation of ADMA is ϳ 300 mol. Approximately 50 mol are excreted via the urine, and therefore, 80-85% of ADMA is estimated to be degraded by DDAH [7] . No- tably, SDMA is not metabolized by DDAH and appears to be solely eliminated via the urine ( fig. 1 ) .
Based on the generation and metabolism of ADMA, elevated levels are the consequence of increased synthesis (enhanced activity or expression of PRMTs), reduced renal clearance or reduced enzymatic degradation (decreased activity or expression of DDAH). The latter two mechanisms have been shown to contribute to elevations of ADMA in renal disease whereas the role of PRMT under this condition remains unknown.
In the last two decades, a variety of studies investigated the role of ADMA in patients with different stages of CKD, patients with ESRD undergoing hemodialysis (HD) or peritoneal dialysis (PD) as well as kidney transplant recipients. All studies demonstrated a marked increase of ADMA levels in patients with renal failure; however, the range of reported ADMA levels varies considerably (up to 10-fold). In addition, there is an overlap between ADMA levels in patients with ESRD and healthy control individuals between different studies despite the fact that similar detection methods were used. Furthermore, the ratio of SDMA/ADMA which should rise in renal failure based on the fact that SDMA appears to be solely cleared from the circulation via the urine also shows great variation. To make things even more complicated, the role of HD to lower ADMA levels remains all but clear with clearance rates ranging anywhere between 0 and 80%.
Thus, although there is accumulating body of evidence that ADMA has the potential to become a novel cardiovascular biomarker, a critical appraisal of ADMA in renal disease seems mandatory. The aim of this review was to summarize and compare available literature on ADMA in patients with CKD, ESRD (HD or PD) and kidney transplant recipients. In addition, this review briefly focuses on therapeutic interventions to modulate ADMA levels in humans as well as on the role of ADMA as a potential biomarker in renal disease. Finally, we comment on some of the pitfalls associated with ADMA measurement.
Study Design and Selection Criteria for Studies
We performed a comprehensive search using Medline database (January 1970-August 2007). The following search criteria were used: asymmetric dimethylarginine, symmetric dimethylarginine, ADMA, SDMA, renal failure, CKD, ESRD, HD, PD, transplantation, creatinine, GFR. Exclusion criteria were reviews, case reports and studies investigating the role of ADMA in acute renal failure or in pediatric patients. Except for one Chinese article, there was no restriction to language.
Based on the fact that many studies were underpowered with respect to sample size and given the wide range of ADMA levels using different analytical methods that would cause statistical heterogeneity, we deliberately refrained from performing a meta-analysis but rather decided to summarize available literature. Apart from selection bias the relationship with patient averages across trials may not be the same as the relationship for patients within trials. Thus, results from meta-analyses can be misleading and hard to interpret.
Serum creatinine levels that were indicated as mg/dl were converted to mol/l by multiplication with the factor 88.4. Since the ratio of L -arginine/ADMA, which is crucial with regard to NOS enzyme inhibition, was not specified by all authors it was estimated by using the mean values of L -arginine and ADMA.
In cases of missing information the abbreviation n.i. (not indicated) was used. To calculate mean values of variables that were expressed as subgroup analyses the mean from these groups were multiplied with the number of subjects, subsequent values of different subgroups were added and the sum was divided through the total number of subjects to obtain the mean of the entire sample. Under such circumstances and in studies in which mean values had to be extrapolated from bar graph figures, an asterisk ( * ) was added behind the estimated mean.
Pearson correlation coefficients were calculated using SPSS software package (Version 14.0).
Results and Discussion
Plasma ADMA Levels in CKD We identified 17 studies in which plasma ADMA levels were determined in patients with CKD [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . These studies included 1 500 control individuals as well as 1 1,500 patients with renal impairment spanning the entire spectrum of CKD1-5 ( table 1 ). In studies with control groups, plasma ADMA levels were significantly elevated in CKD patients, the increase versus controls ranged from 1.13-to 3.36-fold. Compared to HD patients ( table 2 ), ADMA levels were considerably lower in patients with CKD. ADMA levels were in the range of 0.36-1.40 in controls and 0. 46-4.20 in patients with CKD ( table 1 ) . In 4 studies, ADMA levels were considerably higher both in controls as well as in patients [14, 21, 22, 24] whereas in all the remaining studies ADMA levels were rather 1 Patients with CKD5 were excluded since they were on hemodialysis.
low. SDMA levels were also higher in patients versus controls in all studies and ranged from 0.14 to 0.90 in controls and from 0.59 to 3.20 in patients with CKD. Except for 3 studies [11, 14, 16 ] the ratio of SDMA/ADMA was in the range of ϳ 1 or greater in patients with CKD ( table 1 ) . The ratio ranged from 0.35 to 1.12 in controls and from 0.20 to 4.16 in patients with CKD ( table 1 ) .
In agreement with a recent meta-analysis [25] , we observed a strong correlation between serum creatinine and SDMA but not ADMA levels in patients with CKD ( fig. 2 ).
Plasma ADMA Levels in Patients with ESRD
Published ADMA levels in dialysis patients vary anywhere between non-detectable [26] to 8.0 M [27] . Even after excluding these extremes, levels are widely scattered between 0.59 and 6.0 M ( table 2 ). Due to different renal replacement therapies we separately summarized plasma ADMA levels in patients undergoing HD, PD and in transplant recipients. Studies performed in patients on HD were further subdivided into those that included a control group and those that did not. Studies lacking important information for controls were added to the latter group.
ADMA Levels in HD Patients (Studies with Control Groups)
We identified a total of 17 studies in which plasma ADMA levels were measured in patients on HD as well as in control individuals [1, 8, 12, 13, 15, 21, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . These studies included a total of 339 control subjects and 533 dialysis patients. In all studies, plasma ADMA levels were elevated in patients versus controls ( table 2 ) . However, there was a wide distribution of ADMA both in controls as well as in dialysis patients between different studies. In control groups, plasma ADMA levels ranged from 0.30 to 1.41 M , in dialysis patients levels between 0.59 and 6.0 M were reported ( table 2 ). Compared to control groups a 1.4-to 10.3-fold increase of ADMA levels was observed in dialysis patients. Similarly, plasma SDMA levels that were reported in 11 out of 17 studies ranged from 0.12 to 0.80 M in controls and from 1.41 to 6.30 M in dialysis patients. Compared to control groups a 5.0-to 11.7-fold increase of SDMA levels was observed. The ratio of SDMA/ADMA ranged from 0.30 to 1.31 in controls and from 0.34 to 4.83 in dialysis patients ( table 2 ) . Plasma Larginine levels that were analyzed in 10 studies ranged from 75 to 118 M in controls and from 35 to 127 M in dialysis patients. Given the wide distribution of ADMA levels, the estimated L -arginine/ADMA ratio showed a wide range from 74 to 461 in controls and from 13 to 117 in dialysis patients ( table 2 ) .
ADMA Levels in HD Patients (Studies without Control Groups)
A variety of other investigators analyzed plasma ADMA levels in HD patients [27, [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] . Since the results [21, 24] are not included since they lack information on serum creatinine levels.
are almost identical to those studies that included a control group we did not summarize these studies in a separate table. In these studies ADMA levels range from anywhere between 0.8 and 8.0 M .
Plasma ADMA Levels in PD Patients
We identified 7 studies in which plasma ADMA levels were measured in patients undergoing PD, these studies included 124 control individuals and 162 patients that were either treated with continuous ambulatory PD (CAPD) or different modes of automated PD (APD) [13, 28, 29, [56] [57] [58] [59] . All but one study included a control group. Again, plasma ADMA levels were markedly elevated in PD patients versus controls, however, similarly to studies in patients with CKD or patients on HD an overlap between plasma ADMA levels in controls and patients was observed between different studies. Plasma ADMA levels ranged from 0.36 to 1.0 M in controls and from 0.49 to 2.16 in PD patients, compared to controls ADMA levels were 1.4-to 5.4-fold higher in PD patients. Thus, compared to patients on HD, plasma ADMA levels appear to be lower in PD patients which may in part be explained by more preserved residual renal function and continuous versus intermittent renal replacement therapy. Plasma SDMA levels that were measured in 5 studies ranged from 0.12 to 0.80 in controls and from 0.75 to 5.10 in patients on PD, compared to controls SDMA levels were 5.4-to 9.8-fold higher in PD patients. Except for one study [56] , a marked increase of SDMA/ADMA ratio was observed in patients on PD (0.35-4.18).
Plasma ADMA Levels in Kidney Transplant Recipients The role of ADMA in patients after kidney transplantation has received little attention so far. We only identified 5 studies in which plasma ADMA levels were measured in renal transplant recipients [12, 15, 23, 60, 61] . Fleck et al. [12] , Schiel et al. [15] and Busch et al. [23] studied patients with similar renal function (serum creatinine ϳ 160 mol/l) and reported ADMA levels of ϳ 1.0 M and SDMA levels of ϳ 1.1 M . In these 3 studies, ADMA levels were similar to those measured in patients on HD ( ϳ 1 M ), however SDMA levels were twice as low as in dialysis patients ( ϳ 1.2 vs. ϳ 2.4 M ). Recently, Yilmaz et al. [60] analyzed 27 patients that received kidney transplants from a living donor. ADMA levels and serum creatinine were markedly elevated before transplantation (4.42 M and ϳ 775 mol/l, respectively); both parameters rapidly declined over 28 days (1.08 M and ϳ 100 mol/l, respectively). The authors also studied flow-mediated vasodilation which markedly improved after transplantation and showed a strong negative correlation with ADMA levels. Cupisti et al. [61] recently observed an improvement in flow-mediated vasodilation in 20 renal transplant patients after a 5-week treatment with a diet rich in soy protein. The amelioration of endothelial function was associated with an improved L -arginine/ ADMA ratio.
Given the limited data available, further studies are needed to confirm the role of ADMA in renal transplantation.
Impact of a Single Dialysis Session on Plasma ADMA Levels
We identified 19 studies in which the impact of a single HD session on the clearance of ADMA was analyzed [1, 8, 13, 27-31, 33-35, 39-43, 59, 62, 63] . The studies included 245 patients; in 10 studies reduction of SDMA levels was also analyzed. Again, there was a wide distribution regarding the clearances of ADMA and SDMA with clearance rates ranging from 0 to 80% and from 0 to 70%, respectively ( table 3 ) .
Lack of effectiveness of dialysis to lower ADMA has been in part attributed to protein binding as well as possible redistribution of this molecule during HD [42] . In this context, red blood cells are capable to either buffer or release ADMA [64] . Such a mechanism may be influenced by the degree of renal anemia as well as the artificial circulation during dialysis. Kielstein et al. [29] and Mochizuki et al. [34] observed no immediate decline of ADMA levels following a regular dialysis session, however 4-5 h after the end of HD a marked decline by 45-50% was observed. Intriguingly, SDMA levels remained elevated at this timepoint (no reduction after 5 h versus pre-dialysis levels). Based on the low molecular weight of ADMA (202 Da), which is in the range of urea (60 Da), HD should be very effective in reducing the blood levels of this endogenous NOS inhibitor. However, this may not be the case as pointed out by Kielstein et al. [42] who assessed the dialyzer clearance of ADMA. Thus, opposed to the dialyzer clearances of urea ( ϳ 161 ml/min) and creatinine ( ϳ 173 ml/min), that of ADMA was only 92 ml/min. Approximately 37 mol ADMA were recovered in the spent dialysate [42] . This amount roughly averages ϳ 15% of daily produced ADMA. Interestingly, the daily urinary excretion of ADMA in healthy humans is ϳ 50 mol; accordingly one would not assume that dialysis should be more effective than native functioning kidneys.
There is also no evidence that the use of different dialysis membrane filters (i.e. biocompatible high-flux filters) or different dialysis treatment modalities (i.e. hemodiafiltration) can improve the clearance of ADMA [43, 63] . Thus, high-flux dialyzers or hemodiafiltration have no benefit over low-flux HD with respect to lowering ADMA [43, 63] .
Increase of dialysis dose and frequency was also shown to be ineffective to lower ADMA levels [46] . In their recently published randomized cross-over study in which the impact of four different dialyzers on ADMA and SDMA clearance was analyzed in 15 patients on regular HD, Grooteman et al. [63] could nicely demonstrate that patient-related factors appear to be far more predictive regarding ADMA levels rather than different modes of HD treatment. Thus, interindividual variability of ADMA levels was ϳ 40% whereas intraindividual variability during the entire study period was less than 1% [63] . In a recent review of uremic toxins, Vanholder et al. [65] pointed out that ADMA belongs to one of the view solutes for which a substantial gap between mean and maximum uremic concentrations has been reported. Accordingly, further well-designed studies are necessary to determine the clearance rate of ADMA in patients with ESRD.
Overall, available studies summarized in this review ( table 3 ) suggest ADMA clearance rates between 20 and 40% during a regular HD.
Therapeutic Strategies to Modulate ADMA in Renal Disease
Based on the generation and metabolism of ADMA, specific strategies to modulate its plasma concentrations should either focus on ways to reduce the synthesis or improve the clearance or enzymatic degradation. The design of PRMT inhibitors to target ADMA synthesis appears an unlikely option since methylation of arginine residues is a highly regulated, most likely obligatory step in protein turnover. As shown in table 3 , the ability and effectiveness of dialysis to lower ADMA levels in patients with ESRD remains controversial but clearly appears to be lower than expected due to protein binding.
Thus, most investigators have focused on DDAH as a likely target to modulate ADMA levels since dysregulation of this enzyme appears to be the key mechanism by which ADMA levels are elevated in various disorders. DDAH is a highly oxidative sensitive enzyme; oxidation of a critical sulfhydryl group (CYS249) reduces DDAH enzyme activity. Accordingly, antioxidants have been shown to lower ADMA levels by increasing DDAH activity [66] . Furthermore, recent studies indicate that alltrans retinoic acid and the farnesoid X receptor (FXR) agonist GW4064 modulate ADMA levels by regulating DDAH [67, 68] . Possible explanations are the presence of a PPAR/RXR binding site within the DDAH2 gene and a FXR response element within the DDAH1 gene.
A less specific approach to counterbalance the detrimental effects of ADMA is to overcome NOS antagonism by excess substrate supply with the precursor amino acid L -arginine since the L -arginine/ADMA ratio should theoretically determine the degree of enzyme inhibition. However, even in patients with ESRD plasma concentrations of L-arginine are at least 10-fold higher than that of ADMA and far exceed the K m of NOS which is in the low micromolar range. Accordingly, the concept that substrate bioavailability should be a rate-limiting factor for NO production seems illogical. Nevertheless, some investigators have shown that L -arginine can improve endothelial function in humans [69, 70] . Based on these observations, the term ' L -arginine paradox' has been coined.
In animal models of acute or chronic kidney disease, modification of dietary L -arginine intake has been associated both with beneficial as well as deleterious effects [71] . Studies in humans indicate that L -arginine supplementation does not modify the course of renal disease in humans with chronic glomerular diseases [71] .
Other, non-specific pharmacologic interventions that have been investigated in humans include the use of statins and blockade of the renin-angiotensin system (RAS) with either angiotensin-converting enzyme inhibitors (ACE inhibitors) or AT1 receptor blockers (ARBs). With respect to statins, all but one study failed to observe significant reductions in plasma ADMA levels despite marked improvement in lipid profiles [66] . The impact of RAS-blocking agents on ADMA metabolism appears to be more complex. While some investigators observed significant reductions of plasma ADMA levels with these agents [24, 38, [72] [73] [74] [75] [76] , more recent studies could not confirm this observation [77, 78] . Except for one study in dialysis patients that showed a ϳ 40% reduction of ADMA levels following a 6-week treatment with the ARB valsartan [38] , the remaining trials in patients with CKD or normal renal function revealed reductions of ADMA levels in the range of 15-25% [24, [72] [73] [74] [75] [76] . Interpretation of available studies is complicated due to differences in study design, study cohorts, the possible confounding role of underlying cardiovascular co-morbidities, treatment regimen and duration, the use of different bioanalytical methods to determine ADMA levels and, more importantly, the fact that most studies were simply underpowered to address this issue. However, it is noteworthy that the two negative studies [77, 78] were the only trials in which ADMA was measured by mass spectrometry, the gold standard for determination of ADMA. The observed discrepancies highlight the need for further research in this field, in especially well-designed, adequately powered, prospective clinical trials using state-of-theart techniques. An ongoing trial in more than 800 patients with diabetic nephropathy treated with either the ARB telmisartan or valsartan may help to decipher the role of these drugs on ADMA metabolism [79] .
ADMA: A Biomarker in Renal Disease?
Several investigators have proposed ADMA as a potentially useful biomarker in cardiovascular disease. In order to appreciate this proposal for patients with kidney disease, one has to address the following questions:
(1) Is ADMA simply a marker of renal disease or does it participate in pathobiology, in other words is ADMA only an innocent bystander associated with renal disease or is there any causal relationship?
(2) Is ADMA a useful tool to diagnose severity of disease?
(3) Is ADMA a prognostic marker of complications? (4) Is ADMA a useful tool to monitor response to therapy?
The prerequisite to answer all these questions is the availability of standardized bioanalytical assays capable to measure trace amounts of ADMA with sufficient sensitivity and specificity as well as reproducibility. As pointed out in this review, although a variety of investigators used the same analytical methods the range of reported ADMA levels in patients with renal disease is wide. Given the obvious limitations regarding the detection of ADMA, one has to cast doubts that ADMA fulfils the requirements of a useful biomarker in renal disease, nevertheless we want to try to answer the questions raised above.
Until recently, there was no compelling evidence that ADMA plays a causal role in the pathophysiology of vascular disease. Thus, although elevated ADMA levels have been frequently associated with various cardiovascular risk factors it remained elusive whether this molecule is simply a marker or also a 'maker' of vascular disease. The strongest evidence pointing to the crucial role of ADMA on vascular biology stems from the generation of DDAH1 knockout mice [80] . Homozygous disruption of the DDAH1 gene leads to an embryonic lethal phenotype whereas heterozygous mutants are viable. These mice have higher plasma ADMA levels and an enhanced systemic blood pressure thereby contrasting the phenotype of DDAH transgenic mice overexpressing human DDAH1 [81] . Further characterization of these mice is necessary to confirm the role of ADMA on vascular biology.
Despite the wide range of reported ADMA levels in patients with renal disease there is some evidence that ADMA may be a useful marker to assess severity of kidney disease. Most studies are of limited value since they were cross-sectional in nature and simply show an association of elevated ADMA levels with renal disease. Relatively few prospective studies have been conducted [18, 19, 23, 47, 49] . These are, however, further limited since ADMA levels were only determined at baseline. To the best of our knowledge, there is no large study that has performed serial measurements of ADMA levels over time in patients with advancing renal failure. Such intraindividual dynamics are essential to unequivocally demonstrate a tight relationship between ADMA levels and progression or severity of renal disease. Thus far, two large clinical trials by Tarnow et al. [17] and Fliser et al. [18] that included patients with diabetic and non-diabetic CKD have demonstrated a gradual increase of ADMA levels with declining renal function after stratification of patients according to glomerular filtration rate. These studies support the potential role of ADMA to predict severity of renal disease. Overall, serum creatinine is not well correlated with ADMA levels ( fig. 2 ) whereas SDMA shows a close correlation. Accordingly, SDMA appears to be a better marker of renal function, most likely because this molecule does not undergo enzymatic degradation.
The role of ADMA as a prognostic biomarker in patients with ESRD undergoing dialysis remains somewhat controversial. In 2001, Zoccali et al. [47] reported the results of a prospective cohort study in which 225 HD patients were followed over approximately 3 years. In this study, elevated plasma ADMA levels ranked as the second most important factor predicting overall mortality and cardiovascular events outweighing established risk factors such as diabetes, hypercholesterolemia or elevated levels of CRP, to name but a few [47] . Surprisingly, in a prospective cohort study in 200 patients with CKD (n = 81 on dialysis), Busch et al. [23] observed an opposite effect. Lower ADMA levels emerged as an independent risk factor for cardiovascular events and the authors proposed that ADMA might represent a candidate for the phenomenon of paradoxical or reverse epidemiology that has been observed in dialysis patients [23] . Accordingly, ADMA alone seems to be an inadequate marker for risk assessment in dialysis patients and should be viewed in light of other factors such as malnutrition (albumin levels) or inflammation (CRP levels) that have been associated with poor survival in dialysis patients. These underlying co-morbidities may in part explain why low ADMA levels have been associated with poor outcome.
The prognostic value of ADMA in patients with CKD has been evaluated by Fliser et al. [18] in the 'Mild to Moderate Kidney Disease Study'. In this study, 177 patients with non-diabetic CKD were followed over a mean follow-up of 54 months during which time predefined study endpoints consisting of doubling of serum creatinine and/or need for renal replacement therapy were monitored. A total of 65 patients reached the specified endpoint, these individuals had significantly higher baseline ADMA levels compared to the remaining patients (0.42 vs. 0.55, p ! 0.01). Most intriguingly, plasma ADMA levels were the only independent predictor of progression of renal disease. Similar findings were made by Ravani et al. [19] in 131 patients with CKD (mean follow-up of 27 months) in which ADMA emerged as an independent predictor of progression to dialysis and death.
Whether measurement of ADMA levels may be a useful tool to monitor response to therapy remains to be proven. As pointed out above, there are no specific pharmacologic agents available that can modulate plasma levels of ADMA. Non-specific therapies have either failed to reduce ADMA levels, yielded indefinite results or need confirmation in large prospective clinical trials.
Determination of Plasma ADMA Levels in Humans
A variety of techniques have been used for the quantification of ADMA in human plasma samples [82] . Most of these are based on solid-phase extraction of basic plasma components followed by derivatization and liquid chromatography with fluorimetric or mass spectrometric detection [82] . Despite the precision of these devices the major limitation lies in the time-consuming, cumbersome and expensive procedure that does not allow highthroughput analysis which is necessary to make this marker readily available for the clinical routine. The wide range of ADMA levels reported in control individuals and patients with renal failure can only in part be explained by the different use of bioanalytical methods that lack standardization. If one accepts differences in absolute levels of dimethylarginines the scatter of the SDMA/ ADMA ratio is still noteworthy and lacks explanation. Overall, it seems difficult to compare results obtained in different studies. Despite these limitations the role of ADMA in renal disease has to remain undisputed. Indeed, all investigators have unanimously observed elevated levels of this molecule in patients with renal disease.
Given the obvious pitfalls in the detection of ADMA an ELISA assay has recently become available that allows rapid determination of ADMA in human plasma samples [83] . Whether this assay will allow better comparison of results between different trials needs to be determined. The ELISA assay has recently been applied in two large clinical trials, the CARDIAC and AtheroGene study, in which the impact of ADMA in patients with coronary heart disease was analyzed [84, 85] . These studies demonstrate that ADMA is an independent cardiovascular risk factor and that baseline ADMA levels independently predict future cardiovascular risk. However, the major limitation of both studies is that the absolute differences between cases and controls (0.7 vs. 0.6 M ) or patients with or without cardiovascular event (0.7 vs. 0.63 M ) is rather low. Notably, the reference value for this ELISA assay determined in 500 healthy subjects was reported as 0.69 M [86] .
Overall, plasma ADMA has a very narrow concentration distribution, with an interindividual coefficient of variation of approximately 12% [82] which undermines that one cannot be satisfied with the wide range that has been reported in healthy individuals as well as in patients with renal failure. Normal reference values of 0.50-2.20 M have been indicated in the literature [52] . Such a wide range has to be questioned since small differences in ADMA levels have been associated with increased cardiovascular risk.
A recent study has attempted to define reference values for ADMA in healthy individuals [87] . In this study, ADMA was measured by HPLC method with pre-column derivatization and fluorescence detection in 292 males aged 20-75 years. The median ADMA levels varied from 0.58 M ( ! 35 years) to 0.64 M ( 1 64 years), indicating only small differences between different age groups. Based upon the variation of ADMA levels in healthy control individuals summarized in this review that were determined with similar HPLC techniques, the study by Meinitzer et al. [87] highlights the need for further critical validation of analytical methods. Reference values for patients with CKD or ESRD will be hard to determine since multiple factors (residual renal function, mode of renal replacement therapy, degree of proteinuria and anemia, malnutrition, underlying co-morbidities) may have a profound impact on ADMA levels in these subjects.
The variability of ADMA levels currently precludes useful application of this putative biomarker for risk assessment in patients with renal disease. At present, it remains more than questionable whether this molecule will ever reach the stage of a useful laboratory parameter that will influence the guidance of patients. Above all, a consensus regarding reference values and analytical methods seems necessary.
Conclusions
All clinical studies unanimously demonstrate that plasma ADMA levels are elevated in patients with renal failure, however the range of reported ADMA and SDMA levels is substantial. Overall, simple, standardized analytical techniques are warranted to allow better comparison of this putative cardiovascular risk marker in clinical trials. Furthermore, SDMA and L -arginine levels and subsequent ratios with ADMA ( L -arginine/ADMA and SDMA/ADMA) should be reported in future clinical tri-als in order to determine whether combined analysis of these three parameters may help to unravel the role of ADMA in renal disease.
At present, ADMA cannot be advocated as a useful clinical laboratory parameter or biomarker in patients with renal disease.
